Summary: During the first weeks of life, injury to the central nervous system caused by brief periods of oxygen deprivation greatly increases. To investigate possible causes for this change, the effects of hypoxia or applica tion of the excitatory neurotransmitter glutamate on in tracellular calcium ( It has been known for many years that the neo natal mammalian brain is much less sensitive to ox ygen deprivation than the adult brain (Fazekas et aI., 1941; Adolph, 1948) . This loss of hypoxia toler ance during development correlates well with the duration of anoxia before neuronal cell membranes depolarize and leak potassium (Mares et aI., 1976; Hansen, 1977; Haddad and Donnelly, 1990; Xia et aI., 1992). To explain these observations, a number of studies have focused on the critical balance be tween cellular energetics and maintenance of brain ionic regulation during hypoxia. Thurston and Mc Dougal (1969) and Duffy et ai. (1975) showed that anaerobic ATP production contributes to mainte nance of ATP levels during hypoxia in the neonate. Kass and Lipton (1989) 
It has been known for many years that the neo natal mammalian brain is much less sensitive to ox ygen deprivation than the adult brain (Fazekas et aI., 1941; Adolph, 1948) . This loss of hypoxia toler ance during development correlates well with the duration of anoxia before neuronal cell membranes depolarize and leak potassium (Mares et aI., 1976; Hansen, 1977; Haddad and Donnelly, 1990; Xia et aI., 1992) . To explain these observations, a number of studies have focused on the critical balance be tween cellular energetics and maintenance of brain ionic regulation during hypoxia. Thurston and Mc Dougal (1969) and Duffy et ai. (1975) showed that anaerobic ATP production contributes to mainte nance of ATP levels during hypoxia in the neonate. Kass and Lipton (1989) suggested that A TP levels pleted A TP in all age groups. Energy utilization during anoxia, assessed by measuring ATP fall in cyanide/ iodoacetate-treated brain slices, increased with age. El evations in [Ca 2 + t caused by application of 500 /l-M glu tamate increased 240% from days 1-2 to day 28, but ATP loss caused by glutamate did not change with age. The N-methyl-n-aspartate antagonist MK-801 delayed cal cium entry during the initial 5-7 min of hypoxia or cya nide in rats <2 weeks old. We conclude that anaerobic ATP production, conservation of energy by reduced ATP consumption, and reduced sensitivity to glutamate con tribute to delaying elevation in [Ca 2 +t in neonatal rat brain during hypoxia. Key Words: Adenosine triphos phate-Anoxia-Brain slices-Fura-2-Ionic regula tion-Neonatal rats.
were crucial for intracellular calcium ([Ca2+] j) reg ulation during hypoxia in the neonatal brain. The neonatal brain contains greater glycogen stores than the adult but utilizes substrate at lower rates during anoxia than adults (Duffy et aI., 1975) . Because the neonatal brain exhibits low substrate utilization during anoxia and avoids energy depletion, it has been suggested that the rate of utilization of ATP in the neonatal brain during hypoxia must be less than that in adults (Haddad and Donnelly, 1990; Xia et aI., 1992) . Such an adaptation, by conserving ATP needed for ionic regulation, could explain why ion gradients resist collapse when the neonatal brain is made hypoxic. Regulation of intracellular calcium may be one of the most important aspects of ionic regulation by the brain during anoxia. Increased [Ca2+]j may be an important cause of neuronal and glial cell injury from hypoxic or ischemic brain insults in adult an imals (reviewed by Siesjo, 1989; Siesjo and Bengts son, 1989) . The importance of elevations in [Ca2+]j in severe hypoxic-ischemic brain damage has also been established in immature rats (Stein and Van nucci, 1988) . Interestingly, Kass and Lipton (1989) noted less calcium accumulation in neonatal brain than in adult brain following hypoxia. Elevations in [Ca2+]j early in hypoxia or ischemia may result from several mechanisms (reviewed by Siesj6 and Bengtsson, 1989) : activation of voltage-gated cal cium channels by membrane depolarization due to failure of cellular energy production; release from mitochondria or endoplasmic reticula; and activa tion of ligand-gated calcium channels by excitatory neurotransmitters such as L-glutamate (Rothman and Olney, 1986; Choi, 1989) . Cellular depolariza tion may be required for full activation of the N-methyl-D-aspartate (NMDA) subclass of gluta mate receptors (Nowak et aI., 1984) . The first two mechanisms predicted that the superior ATP main tenance of the neonatal brain during hypoxia will result in avoidance of calcium uptake. The first pur pose of this article is to test the hypothesis that elevation in [Ca2+]j caused by hypoxia increases with age and is correlated with ATP levels.
Several facts led us to hypothesize that increased calcium entry via excitatory amino acid receptors could be an additional explanation for greater cal cium uptake in older rats as seen by Kass and Lip ton (1989) . First, during the process of early devel opment, neuronal calcium channels increase greatly in abundance and diversity (Carpenter et aI., 1990) . Developmental changes in calcium channels acti vated by excitatory amino acids may be particularly important since NMDA receptor-mediated Ca2 + uptake is a critical step in detecting correlations in pre-and postsynaptic activity that gives rise to plas tic changes in the developing mammalian cortex (Bear et aI., 1990) . Second, since voltage-gated channels and NMDA receptor-linked calcium chan nels appear to be major avenues of Ca2+ entry, the rate of calcium entry during anoxia may vary with age simply because cell depolarization is an age related phenomenon (Hansen, 1977) . Therefore, the second purpose of this article is to test the hypoth esis that the excitatory neurotransmitter L-gluta mate will cause greater elevation in [Ca2+]j in older rats.
METHODS

Preparation of cortical brain slices
Intracellular calcium and ATP levels were measured in cortical brain slices prepared from Sprague-Dawley rats of age 1-30 days and from adult rats (6 months to I year).
Brain slices were prepared after decapitation and rapid removal of the cranium. A 5 x 5-mm portion of the tem poral cerebral cortex was dissected free, briefly placed in 3-5°C artificial CSF (ACSF; 116 mM NaCl, 25 mM NaHC03, 5.4 mM KCI, 1.8 mM CaCI 2 , 0.8 mM MgCl 2 , 0.9 rnM, NaH 2 P04 and 10 mM glucose bubbled with 5% C0 2 /95% 0 2 ' pH 7.40, at 37°C), glued with cyanoacrylate J Cereb Blood Flow Me/ab, Vol. 13, No.5, 1993 cement to a mounting block, and resubmerged in the chilled ACSF. Then 350-f.Lm slices were prepared with a Campden Instruments (Cambridge, England) vibrating tissue slicer. The slices were transferred to 30-31°C ACSF and continuously bubbled with 95% 0 2 /5% CO 2 , Fura-2 acetoxymethyl ester (Molecular Probes, Eu gene, OR, U.S.A.) was added (from a 1 mM stock solu tion in dimethyl sulfoxide, final concentration 3-5 f.LM) to the ACSF containing the brain slices to permit measure ments of [Ca 2 + li' Satisfactory dye loading, as indicated by Fura-2 signal at least 10 times background fluores cence, required -1 h. The slices were transferred to Petri dishes filled with dye-free ACSF and washed for 5 min. The slices were mounted on a mesh baffle and fitted into a fluorometer cuvette filled with 0 2 /C0 2 -equilibrated ACSF. A cap, fitted with stainless-steel inlet and outlet tubing, was used to seal the cuvette. The cuvette was placed in the cuvette holder of a Hitachi F-2000 fluorom eter (Tokyo, Japan) and positioned so that excitation light (1 x 2 mm in area) fell within the confines of the slice. The inlet and outlet tubings were used continuously to perfuse the slice with gas-equilibrated ACSF. The cuvette holder and perfusing solution were both temperature con trolled to 37 ± O.l°C.
Fura-2 signals remained stable (baseline drift <2% of total signal) for > 1 h after placing the slice in the study cuvette.
Measurement of intracellular calcium
A fluorescence emission ratio method was used to mea sure [Ca 2 + l-Measurement and calibration for Fura-2 were done essentially as described by Jensen and Chiu (1991) . Briefly, [Ca 2 +t was measured by alternately stim ulating the tissue with 340-and 380-nm light and recording the emitted fluorescence at 510 nm. Calibration at high and low [Ca 2 + li was performed after treating the slices with 10 f.LM of the calcium ionophore A23187 (Sigma, St. Louis, MO, U.S.A.) and then with calcium-free ACSF with 1 mM ethyleneglycol-bis- ([3-aminoethyl ether) N,N,N' ,N'-tetraacetate. This produced calcium signals equivalent to the bath concentration (1.8 rnM) and to zero calcium. Labile NADH fluorescence contributes to fluo rescence signals during treatment of brain slices with an oxia or NaCN (Sick and Rosenthal, 1989) . To correct for this, undyed brain slices were exposed to either hypoxia or N aCN and the resulting raw fluorescence signals were recorded and subtracted from those in Fura-2-dyed slices.
Experimental protocol
During study, slices were maintained at 37°C. To ex amine the effects of hypoxia on [Ca 2 +t, ACSF equili brated with 95% N 2 /5% CO 2 was substituted for oxygen ated ACSF. This replacement required 3-5 s. The P0 2 of the hypoxic ACSF was <5 mm Hg as measured with an oxygen electrode. The biochemical equivalent of anoxia was produced by adding NaCN by injection into the cu vette to achieve a final concentration of 100 f.LM. Simi larly, the effects of 500 f.LM L-glutamate on [Ca 2 +t were studied by injection into the cuvette. A stir bar in the cuvette ensured rapid mixing. Following these perturba tions, [Ca 2 +t was followed for up to 30 min. Calibration followed. Only one intervention was studied in each brain slice.
ATP assays
Brain slices maintained in oxygenated ACSF were transferred to oxygenated ACSF (control), to ACSF con-taining 100 fLM N aCN, or to ACSF equilibrated with 95% N 2 15% CO 2 , After 10 min, ATP was extracted by quickly immersing individual brain slices in 1 ml of 20 mM Tris buffer (pH 7.2) at 100°C and sonicated for 10 s. After 10 min, the samples were placed on ice and ATP levels de termined with a bioluminescence assay (Wolfe and Dop pen, 1985) with luciferin/luciferase (Sigma) in an Analyt ical Luminescence Laboratory model 2001 luminometer (San Diego, CA, U.S.A). ATP standards, prepared daily with fresh ATP (Sigma), were treated identically. Sensi tivity was -1 pmol. Total protein was measured with a bicinchoninic acid assay kit (Pierce, St. Louis, MO, U.S.A.) and results were expressed as nanomoles of ATP per milligram of protein.
Statistical methods
Analysis of variance with Bonferroni's correction for multiple comparisons was used to compare [Ca 2 +t and ATP values between different treatment groups. Values in the text are reported as means ± SD, and p < 0.05 was required for statistical significance. Linear regression was calculated by the methods of least squares; significance of regression was assessed according to Zar (1974) . 
RESULTS
Intracellular calcium levels in brain slices main tained in oxygenated ACSF averaged 165 ± 63 oM (n = 96). Noise levels were generally low enough to permit detection of a change in [Ca2+]i of �10 oM between 100 and 800 oM and roughly 25 oM when [Ca2+]i was >750 oM. There was no effect of age on [Ca2 + t in slices maintained in oxygenated medium (linear regression of age versus resting [Ca2+]i not significant) .
Effects of anoxia, cyanide, and iodoacetate Postnatal age had a significant effect on the rate of rise in [Ca2+t during anoxia or cyanide treat ment. As shown in Fig. 1 Typical changes in intracellular calcium levels in brain slices from different-aged rats caused by blockade of aerobic ATP production with 100 IJ.-M NaCN followed by blockade of anaero bic ATP production with 3.5 mM iodoacetate (IAA) (applied at times indicated by arrows). Al l brain slices were studied at 3rC. (Fig. 2) . Even after 20-min exposure to NaCN, [Ca2+]i in slices from day 1-14 rats re mained significantly below that of rats > 15 days of age (Fig. 2) . Between 20 and 40 min, no further changes in [Ca2+]i were observed in any age class (analysis of variance, p < 0.05). A large relative difference in [Ca2 +]i between rats younger or older than 2 weeks was seen at 10 min of N aCN expo sure; this difference is also apparent in Fig. 3 , where peak [Ca2+]i levels during the first 10 min of the NaCN exposure are plotted against age. Net changes in [Ca2+]i during this 10-min NaCN expo sure for the different age groups are given in Ta ble 1. Anoxia produced changes in [Ca2+]i similar in pattern to those seen with N aCN, except that slices from all animals <30 days of age behaved similarly, and only slices from adults had [Ca2+]i significantly greater than 1-to 7-day-old animals ( Fig. 2) .
2-4 min
Iodoacetate, which causes blockade of anaerobic glycolysis by inhibiting glyceraldehyde-3-phosphate dehydrogenase, produced significant increases in [Ca2+]i in cyanide-treated brain slices from neo nates (Fig. 1) . After 20 min, [Ca2+]i in the NaCN/ iodoacetate-treated slices from 1-to 7-day-old ani mals (mean age 4.2 days) was not different (t test, p > 0.05) from that in adults (1,920 ± 280 vs. 2, 350 ± 370 nM; n = 10/group). This suggests that regula tion of [Ca2 +]i depends upon glycolysis when mito chondrial oxidative functions are arrested by cya nide. Adults rats were much more dependent upon aerobic metabolism for maintenance of [Ca2+]i lev els because treatment with iodoacetate did not pro- duce additional increases in [Ca2+]i after cyanide exposure (see Fig. 1 ).
Effects of glutamate
Application of L-glutamate produced rapid eleva tions in [Ca2+l in both neonate and adult brain slices (Fig. 4) . Maximal elevation in brain slice [Ca2+]i produced by application of 500 j.LM gluta mate increased significantly with postnatal age (Fig.  5) . In slices from 2-day-old rats, the mean change in [Ca2+]j was 50 ± 20 nM, but by day 15 the elevation was 200 ± 75 nM and was not different from that in adults (p < 0.05, Table 1 ).
To test whether age-related changes in the mag nitude of [Ca2+]i elevation during NaCN treatment are related to changes in the activation of NMDA receptors, we studied the effects of the NMDA an tagonist MK-801. In slices from rats 2 weeks of age and younger, 150 j.LM MK-801 significantly reduced the elevation in [Ca2 +]i caused by lO-min exposure to 100 j.LM NaCN. However, in rats older than �2 weeks, no such effect was observed (Fig. 6) Mean intracellular cal cium levels in rat cortical slices exposed to anoxia (medium equili brated with 95% N 2 /5% CO 2 ) or 100 fJ-M NaCN versus time from beginning of expo sure. Lines connect data of each age group (mean ages given in Ta ble 1). Bars indicate ±SD; n = 7-12 slices/point for NaCN, 4-6 slices/point for an oxia. [Ca 2 +1i in adult slices ex posed to NaCN was not signifi cantly different from that in 22-to 30-day slices; the data were omitted for clarity. 'Significant difference from [Ca 2 +]; ob served in slices from day 1-7 animals; other comparisons were not significant (analysis of variance with Bonferroni cor rection, p < 0.05). ( Fig. 7) . In slices from 1-to 7-day-old rats, ATP levels during cyanide exposure averaged �50% of control after 10 min ( Table 1) . In contrast, ATP levels were reduced by >90% after 10 min of cya nide exposure in slices from rats 14 days and older. Exposure to 500 fLM glutamate led to significant reductions in A TP levels compared with controls in brain slices from both adult and infant rats. There was no significant effect of age on extent of ATP depletion after 10 min of exposure (linear regression ? = 0.156). The mean reduction in ATP was 53 ± 24% (n = 15 rats, 45 slices).
To test whether age-related differences in ATP depletion during NaCN exposure are due to differ ences in ATP utilization or to production, we mea sured the time course of change in ATP levels in slices treated with both NaCN and iodoacetate. As shown in Fig. 8 , this combination of blockade of aerobic and anaerobic metabolism caused rapid de clines in ATP levels. This depletion was more grad ual in day 1-7 rats than in 30-day-old rats after 2 and 5 min of exposure, but not at 10 min.
DISCUSSION
The results show that regulation of [Ca2+]j and ATP levels during hypoxia changes dramatically during early postnatal development. These results may in part explain why the neonatal brain tolerates periods of oxygen deprivation that produce serious neurologic injury in adult animals.
Critique of methods
This study involved severe insults that resulted in essentially complete inhibition of aerobic metabo lism (anoxia or NaCN) or a combination of block ade of aerobic and anaerobic metabolism (NaCN plus iodoacetate to block ATP production from glu cose/glycogen). In vivo, ischemia could produce an oxia and substrate depletion to create a state equiv alent to that produced by NaCN and iodoacetate in vitro. However, during ischemia in vivo, glycogen stores may provide a temporary source of substrate for anaerobic ATP production. Therefore, the time course of the changes in [Ca2+]j observed in these in vitro models may not mimic those in vivo. With the present model, recovery from hypoxia was not studied, and so an important further difference be tween adults and neonates might exist.
In many of the comparisons between adult and neonatal animals, we have focused on changes oc curring during 10 min of cyanide or anoxia. This period was chosen because 10 min of anoxia results in clear differences in ATP levels and [Ca2+]j be- 
Changes in calcium represent maximal change (reading baseline) seen during 10 min of treatment with cyanide or glutamate. ATP levels were measured following 10 min of exposure to oxygenated artificial ACSF (95% 02/5% CO2) plus 100 IJ-M NaCN; cont 01 slices were held in oxygenated artificial CSF only. CN + IAA treatment consisted of 100 IJ-M NaCN plus 3.5 mM iodoacetate for 10 min. Values are means ± SD (n). Calcium and ATP levels were studied in the same rats.
a Different from 15 to 21-day-old animals. b Significantly different from 1-to 7-day-old animals (p < 0.05, analysis of variance with correction for multiple comparisons). tween different-aged rats; previous studies of cal cium uptake in juvenile rats have used a 10-min paradigm (e.g., Kass and Lipton, 1989) ; and 10 min represents a period of anoxia survived by rats younger than -7 days, but not older (Duffy et aI., 1975) . Measurements of changes in [Ca2+]i during an oxia made with Fura-2 are complicated by the fact that anoxia increases fluorescence from NADH [Sick and Rosenthal (1989) discuss this problem with the dye Indo-I]. Although Fura-2 emits at a relatively long wavelength (510 nm), up to 50% of the fluorescence signal can come from NADH rather than calcium-bound Fura-2. To avoid this er ror, we subtracted this NADH artifact from the to tal fluorescence signal. Changes in NADH occurred in a step fashion immediately upon initiation of an oxia; no further changes were seen. If corrections were in error, only the absolute level of [Ca2+]i would be affected, and changes in calcium develop ing over the course of minutes would not. Since i'
.:.
.. Example of the effects of 150 fLM MK-801 (N methyl-D-aspartate antagonist) on the time course of change in intracellular calcium levels in cortical brain slices from 7-day-old rat slices exposed to 100 fLM NaCN. Slices were exposed to 150 fLM MK-801 for 10 min before NaCN applica tion. Bottom: Mean difference in intracellular calcium eleva tion between control and MK-801-treated slices exposed to 100 fLM NaCN. Error bars show SD, n = 8 slices/treatment. 'Significant reduction in magnitude of the elevation of [Ca 2 +l i caused by NaCN (analysis of variance, p < 0.05). 
Maturational changes in [Ca 2 +]j during anoxia
The results clearly demonstrate that early cal cium uptake during anoxia or NaCN occurs at re duced rates in the neonatal cerebral cortex. In rats older than �3 weeks, early calcium uptake during hypoxia was similar to that in adults. Kass and Lip ton (1989) found reduced 45Ca uptake after 10 min of anoxia in rats 30 days of age compared with adult rats. In our study, calcium uptake by the neonatal brain during hypoxia or NaCN administration did not reach adult levels even after 40 min. However, when both aerobic and anaerobic metabolism were poisoned, similar [Ca 2 +]i level s were reached within 20 min.
Relationship between anaerobic energy production and calcium homeostasis Our results suggest that the neonatal brain uses anaerobic energy production to regulate intracellu lar calcium levels during anoxia. These results are similar to previous findings that potassium homeo stasis (Xi a et aI., 1992) and calcium homeostasis (Kass and Lipton, 1989) during anoxia in immature rat brain are dependent on anaerobic A TP produc tion. The importance of anaerobic metabolism to [Ca2+]i regulation is evident in the neonate because inhibition of aerobic metabolism, only when com bined with inhibition of glycolysis, leads to rapid elevations in [Ca2+]i. Thus, the neonatal brain is, for a time, capable of using anaerobic metabolism to provide sufficient energy for ionic regulation. In contrast, while the adult brain exhibits greater max imal rates of lactate accumulation (Duffy et al., 1975) , it experiences more rapid energy failure and loss of ionic homeostasis during anoxia (Hansen, 1985) . One of the important differences between adult and neonate brain may be that the neonatal brain consumes less ATP when aerobic energy pro duction ceases. The fact that rate of ATP fall during NaCNliodoacetate administration was lower in younger animals supports that hypothesis. How the neonatal brain reduces ATP consumption during hypoxia is not known.
While anaerobic energy production is clearly crit ical for maintenance of [Ca2+] well. These other factors, including relative insen sitivity to calcium influx induced by release of ex citatory neurotransmitters, must therefore contrib ute to the relatively slow rise in cytosolic free Ca2+ in the immature brain during hypoxia.
Development changes in sensitivity to excitatory neurotransmitters
An important difference between the neonatal and the adult brain was their elevations in [Ca2+]i caused by exogenous glutamate. This change was not due to greater ATP depletion since glutamate caused similar A TP depletion in neonates and adults. Instead, the results suggest that for a given concentration of glutamate, less calcium influx oc curs in the neonatal brain compared with the adult. Some, but not all, of this uptake probably occurred via NMDA receptor-linked ion channels since the NMDA antagonist MK-801 reduced calcium uptake during hypoxia only during the initial, slow phase of calcium elevation. With increasing age, the efficacy of the antagonism was reduced, probably because other mechanisms (i.e., activation of voltage-gated calcium channels, etc.) predominate when cellular energy failure occurs. An additional possibility is that calcium release from intracellular stores (e.g., endoplasmic reticulum) triggered by activation of the metabotropic glutamate receptor may increase with age. The lower sensitivity of immature brain slices to intracellular calcium elevation caused by exogenously applied glutamate suggests that during early hypoxia, excitatory neurotransmitters induce less calcium influx into neonatal brain tissue than adult tissue. An increasing body of evidence points to the release of excitatory neurotransmitters and subsequent elevations in [Ca2+ t as important causes of neuronal injury during hypoxia (reviewed by Choi, 1989) . The present results suggest that the neonatal brain may avoid these potentially cyto toxic events during limited periods of anoxia. We have not studied the effects of exogenous glutamate on elevation in [Ca2+]i during hypoxia.
Cellular depolarization during hypoxia may be an important cause of elevation in [Ca2+]i' Activation of voltage-gated calcium channels is one source of this influx. In addition, NMDA receptors are volt age sensitive (Nowak et aI., 1984) , and therefore glutamate or other excitatory neurotransmitters may lead to enhanced entry of calcium during cell depolarization. Thus, the enhanced effects of gluta mate on the elevation of [Ca2 +]i during the course of development may also be in part due to greater depolarization of neurons and glia during hypoxia. pression of glutamate receptors or to increased postsynaptic effects of glutamate. There is evidence to support the first mechanism: Carpenter et al. (1990) showed that messenger RNA coding for rat brain glutamate receptors increases dramatically from birth to day 30. The activity of these channels, as expressed in Xenopus oocytes, is similar in pat tern to the calcium flux measurements shown in Fig. 2 . Although it is tempting to speculate that de velopmental changes in expression of excitatory amino acid neurotransmitters lead to enhanced ef fects of excitatory amino acids during hypoxia or ischemia, the relationship of developmentally pro grammed changes in excitatory neurotransmitter systems and hypoxia-induced activation of these systems is far from clear. For example, the kinetic responses of individual NMDA receptors in young neonates lead to greater calcium uptake than in older neonates (Hestrin, 1992) . In addition, NMDA is more neurotoxic in 7-day-old rats than adults (McDonald et aI., 1988) .
Conclusions
We conclude that regulation of [Ca2+]i in re sponse to anoxia, cyanide, or glutamate treatment changes significantly during early development and may provide mechanistic clues to the superior sur vival of the neonatal brain under oxygen-limiting circumstances. Adaptations of the neonatal brain contributing to regulation of [Ca2+t during anaero bic conditions include anaerobic ATP production, reductions in energy utilization, and relative insen sitivity to intracellular calcium elevation caused by L-glutamate. These adaptations may result in avoid ance of potentially cytotoxic elevations in [Ca2+]i during hypoxic insults.
